Due to a large number of natural fractures in tight oil reservoir, many complex fracture networks are generated during fracturing operation. There are five kinds of flow media in the reservoir: "matrix, natural fracture, hydraulic fracture network, perforation hole, and horizontal wellbore". How to establish the seepage model of liquid in multiscale medium is a challenging problem. Firstly, this paper establishes the dual medium seepage model based on source function theory, principle of superposition, and Laplace transformation and then uses the "star-triangle" transform method to establish the transient pressure behavior model in the complex fracture network. After that, perforating seepage model and variable mass flow in horizontal wellbore were established. Finally, continuous condition was used to couple the seepage model of dual medium seepage model, transient pressure behavior model in the complex fracture network, perforation seepage model, and the variable mass seepage model in horizontal wellbore, to establish a semianalytical coupled seepage model for horizontal well in tight reservoir. This paper provides theoretical basis for field application of horizontal well with complex fracture networks.
Introduction
Domestic and foreign development practice proves that horizontal drilling technology and large-scale fracturing technique are the core technologies of successful development of tight reservoir [1] . Complex fracture networks have been developed around horizontal well after large-scale fracturing (as shown in Figure 1 ). Fractures in the network are irregular intersecting, and the cross types of fractures can be divided into four categories (as shown in Figure 2 ). There are five kinds of multiscale flow media in tight oil reservoir after fracturing, contains nanoscale matrix, micron scale natural fracture, millimeter scale hydraulic fracture (fracture width), centimeter scale perforation hole, and meter scale horizontal wellbore. The highly discrete multiscale media leads to a great change in the seepage of tight reservoir. In recent years, scholars at home and abroad have established a large number of seepage models for horizontal wells with complex fracture networks in tight oil reservoirs. These models can be divided into three types: analytical model, semianalytical model, and numerical model. Each model is described as below.
The first type is analytical model. These model is also called linear flow model [2] [3] [4] [5] . The assumption of linear flow is too ideal and leads to inaccurate calculation results.
The second type is semianalytical model which was developed by using the source function method [6] [7] [8] [9] . Ren Zongxiao et al., 2016, established transient pressure behavior models for horizontal wells with complex fracture networks, respectively. The work of Ren Zongxiao et al., 2016, just considered the "Seepage model of dual medium reservoir". In the new article, we not only consider the "Seepage model of dual medium reservoir" but also consider the "Seepage model in complex fracture networks", "Seepage model of Perforation", and "Variable mass pipe seepage model in horizontal wellbore" which is more accurate than the previous paper. The third type is numerical model, which mainly includes the discrete fracture network (DFN), discrete fracture model (DFM), and embedded discrete fracture Model (EDFM). The characteristics and representative results of each model are shown in Table 1 .
The numerical model has the advantage of describing the heterogeneity of multiscale media. But it also has disadvantages such as complex modeling process and unstable calculation result, which limits its application in practical engineering problems. As with the semianalytical model, the numerical model does not consider the impact of perforation flow and the flow in horizontal well.
In conclusion, there is still lacking multiscale coupled seepage model in tight oil reservoir considering "matrix, natural fracture, hydraulic fracture, perforation, and horizontal well". Based on the method of source function, superposition principle, and star-triangle transform, this paper aims to establish a precise and efficient seepage model of horizontal well with complex fracture networks. Using the new model, the seepage law of horizontal well with complex fracture networks is revealed, providing theoretical basis for the application of fracturing horizontal wells.
Physical Model of Multiscale Media Flow in Tight Oil Reservoir
The tight oil reservoir contains a large number of natural fractures and is assumed to belong to dual medium reservoir (as shown in Figure 3 ). The dual medium model is composed of uniformly distributed matrix system and natural fracture system [22] . The liquid in tight reservoir flows through four parts: double media (as shown in Figure 4 (a)), complex fracture networks (as shown in Figure 4 (b)), perforation, and horizontal well (as shown in Figure 4 (c)). To facilitate the establishment of the mathematical model of physical model in Figure 4 , the following assumptions are made:
(1) Tight oil reservoir is infinite plate with impermeable boundaries.
(2) All fractures in the complex fracture networks penetrate reservoir; liquid in fractures satisfies 1D Darcy seepage.
(3) Fluid flow is considered as single phase flow and production of the well is constant.
(4) Fluid is compressible; the reservoir temperature remains constant during production.
(5) Ignore the effect of liquid capillary force and gravity. The effect of medium and small length fissures on seepage flow is treated by equivalent grid permeability, and large scale fractures are described separately.
Embedded processing reduces the number of discrete grids.
This method needs to record the relative position between fracture and grid. It can increase the data storage in the tight oil reservoir which containing large scale cracks. 
Establishment of Seepage Coupling Model for Horizontal Well with Complex Fracture Networks in Tight Oil Reservoir
The multiscale medium flow process in tight oil reservoirs consists of four parts: dual media flow, internal flow in complex fractures, perforation flow, and horizontal wellbore variable mass flow. A simple volume fracturing horizontal well (as shown in Figure 5 ) is taken as an example to establish the mathematical model for four parts flow, respectively.
Physical Model of Reservoir.
In 1991, Ozkan et al. [23] established a surface source function in dual medium reservoir in Laplace space, which solved the problem of seepage with hydraulic fracture in dual medium reservoirs. However, the Ozkan source function requires that the fracture must be vertical or parallel to the horizontal wellbore and cannot solve the seepage problem of the inclined fracture in the complex fracture network. Therefore, Ren et al. [24] established the surface source function of the inclined fracture based on Ozkan surface source function. The expression of a single inclined fracture seepage solution in Laplace space is [24] 
In (1), the dimensional variable is defined as follows:
There are 16 fractures in Figure 5 . Considering fractures interaction [25] , the pressure drop of fracture in Figure 5 can be expressed as follows:
Regardless the flow resistance inner fracture, the dimensionless pressure drop of fractures is equal to the horizontal well bore pressure drop.
The sum of dimensional production of fractures is 1.
Equations (3)- (5) can be transformed into matrix equations as follows:
Let
Mathematical Problems in Engineering 
] 16×1
(7)
Then (6) is written as a matrix vector equation:
Seepage Model in Complex Fracture
Networks. Figure 2 shows the typical intersection of fractures in complex fracture networks. How to determine fracture conductivity is the key to establishing the seepage model inner complex fracture networks. In 2004, Karimi used the "star-triangle" transformation method to calculate the fracture conductivity. The conductivity expression between fracture 1 and fracture 2 in Figure 2 (a) can be written as follows (Karimi, 2004):
Karimi (2004) also gave the formula for calculating the conductivity of multiple intersection fractures as follows:
Based on the fracture conductivity, assuming onedimensional Darcy flow in the fracture, the production formula for fracture 1 in Figure 2 (a) is calculated as follows:
Equation (12) can be nondimensionalized by (2) , and the Laplace transform is obtained as follows:
Similar to (13) the seepage control equation for fracture 1 in the Y-shaped fracture intersected in Figure 2 (b) can be written as
Similarly, in the Y-shaped fractures, the flow expressions of fracture 2 and fracture 3 are
Equations (14) and (15) are written as matrix equation:
Equation (16) Figure 5 is too large, only its matrix vector form is given here:
In (19) , K is a 16×16 order conductivity matrix.
Seepage Model of Perforation.
Fluid entering the complex fracture networks flows through the perforation hole into the horizontal wellbore (as shown in Figure 4 (c)). As shown in Figure 5 , horizontal wells have perforation holes in fracture 2, fracture 7, and fracture 14. The pressure drop caused by fluid 6
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Ignore pressure loss in horizontal wellbore, then
Equation (22) can be nondimensionalized by (2) and written as Laplace space expression:
According to the conditions of constant production, the sum of the perforation production is
In (25), q per2 is the liquid flow at the perforation corresponding to the fracture 2, m 3 /s; q per7 is the liquid flow at the perforation corresponding to the fracture 7, m 3 /s; q per14 is the liquid flow at the perforation corresponding to the fracture 14, m 3 /s.
Research on Variable Mass Pipe Seepage Model in Hor-
izontal Wellbore. The inflow of liquid at the perforation hole causes the flow of liquid in the horizontal wellbore to be variable mass flow. Fluid rate in horizontal wells is increasing from the toe of the horizontal well to the root (as shown in Figure 4(c) ). The pressure drop in horizontal well is composed of frictional pressure drop of the wall, liquid's accelerating pressure drop, liquid mixing pressure drop, and liquid's gravity pressure drop. However, scholars at home and abroad have pointed out that the wall friction pressure drop is the main component of the pressure drop in horizontal well. Therefore, we mainly study the wall friction pressure drop; the frictional pressure drop satisfies the following flow equation [27] :
Equation (26) is nondimensionalized by (2) and written as Laplace space expression:
For the specific case in Figure 5 , the relationship between 2 , 7 , 14 , and is shown as follows: (17), (23), (25) , and (28)∼(30). 
In ( Equation (31) 14 , and . The number of equations in the matrix is also 39, so (31) is solvable. The Gauss-Jordan elimination method can be used to find the solution of the unknown in the Laplace space. Using the numerical inversion of Stehfest [28] , the Laplace space solution can be transformed into time space solution. 
Analysis of Model Results

Validation of Model Results.
Chen et al. [8] established a seepage model of horizontal well with orthogonal fractures, which takes into account the seepage within the fracture network but ignores the dual medium flow, perforation flow, and variable mass flow in the horizontal wellbore. The model built in this paper is simplified to Chen ZM model for verification. The basic data used is shown in Table 2 . From Figure 6 , it can be seen that the results obtained in this paper are basically the same as those of the Chen ZM model, but the two models have slightly different results in the early stages of production. This is due to the fact that the direction of fluid flow in the fracture network is artificially specified in the Chen ZM model, and the direction of liquid flow in this paper is automatically selected based on the pressure in the fracture network. The different treatment methods of the flow direction of the liquid in fracture network are the main reasons for the minor differences in the development data in the early stage of production.
Flow Regimes.
Take a simple fracturing horizontal well as an example. The fractures in the network are orthogonal and the geometry of the fracture is shown in Figure 7 . Ignore pressure drop in perforation hole and horizontal well. The other basic parameters of the tight reservoir are shown in Table 3 . Based on the reservoir data in Table 3 , the transient pressure behavior of the fractured horizontal well in Figure 7 is solved. The double logarithm well test curves are shown in Figure 8 .
As can be seen from Figure 8 , the derivative of dimensionless pressure curve shows different laws as development progresses. Combining the previous understanding of the well test curve, the seepage of horizontal well with complex fracture networks can be divided into eight flow regimes: Stage I is linear flow in complex fractures, Stage II is bilinear flow, Stage III is reservoir linear flow, Stage IV is transition flow, Stage V is fracture interference flow, Stage VI is the pseudo-radial flow of the natural fracture system, Stage VII is cross flow, and Stage VIII is pseudo-radial flow in the entire
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Parameter Sensitivity Analysis
Sensitivity Analysis of the Space between Complex
Fracture Networks. There are 24 fractures in two orthogonal fracture network (as shown in Figure 9 ). The other basic data of tight oil reservoir is shown in Table 3 . When the distance between the two fracture networks is 200m, 500m, and 1000m, respectively, the well test curves are shown in Figure 10 . It can be seen from Figure 10 that the space between the two fracture networks mainly affects the fracture interference flow and has no influence on other flow regimes. With the increase of spacing, the pressure drop curve and the derivative of pressure drop curve are gradually reduced, and the "hump" shaped bump also decreased, indicating that the fracture interference is weaker.
Sensitivity Analysis of Perforation Pressure Drop Coefficient.
When the perforation pressure drop coefficient R is equal to 0, 0.1, 1, and 10, the change in the bottom-hole pressure drop of horizontal well is shown in Figure 12 . The physical model used for the calculation is shown in Figure 11 , and the basic data is shown in Table 3 .
From Figure 12 we can see that the perforation coefficient has a great influence on the pressure drop in the early stage of horizontal well production. With the increase of perforation coefficient, the larger is the pressure drop in the early stage of production. The change of perforation coefficient has almost no effect on the derivative curve of pressure drop, indicating that the value of the perforation coefficient does not affect the seepage law of fractured horizontal wells.
Sensitivity Analysis of Pipe Flow Pressure Drop
Coefficient. Three cases were studied in which the pipe flow pressure drop coefficient M was set to 10 −1 , 10 −3 , and 10
individually. The well testing curves are shown as Figure 13 .
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As can be seen from Figure 13 , the pipe flow pressure drop coefficient mainly affects the linear flow in the fracture, the bilinear flow, and the linear flow in the formation. With the increase of the pipe flow pressure drop coefficient, the longer the linear flow in the fracture, the shorter the linear flow in formation and bilinear flow, and it has no influence on the later flow regimes.
Sensitivity Analysis of Permeability of Fracture Network.
Assuming that all fractures have the same permeability, five
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1.E-07 1.E-04 1.E-01 1.E+02 1.E+05 1.E+08 1.E+11 dp cases were studied in which the fracture permeability was set to 10 8 mD, 10 7 mD, 10 6 mD, 10 5 mD, and 10 4 mD individually. The well testing curves are shown as Figure 14 . The physical model used for the calculation is shown in Figure 11 , and the basic data is shown in Table 3 .
From Figure 14 it can be seen that fracture permeability mainly affects the linear flow in the fracture, the bilinear flow, and the linear flow in the formation. With the increasing of 1.E-04
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Arrow represents the increasing direction of the fracture permeability.
1.E+05 1.E+08 1.E+11 dp wD t D Figure 14 : Sensitivity analysis of fracture permeability on dimensionless pressure drop. permeability, the duration of the linear flow in fracture and bilinear flow is getting shorter and shorter, and the linear flow in formation is getting longer and longer. The linear flow in fracture and bilinear flow disappeared, when fracture permeability increased to 10 8 mD. It indicates that the fracture permeability is extremely high, and the liquid in fracture reaches the horizontal wellbore almost instantaneously. At this time, the fracture can be regarded as an infinite conductivity fracture
Transient Pressure Behavior of Horizontal Well with
Unorthogonal Fracture Networks. Fractures intersect irregularly in complex fracture networks as shown in Figure 15 . Other basic data of tight oil reservoir is shown in Table 3 .
Due to the irregular intersection of fractures in the fracture network, the regularity of the linear flow in the fracture, the bilinear flow, and the linear flow of the formation in the well test curve is not obvious. Figure 17 shows the production of each fracture at six moments (t D1 ∼ t D6 in Figure 16 ). The variation of the fracture production in Figure 17 is basically the same as that of Figure 9 , which is not repeated here.
Conclusion
Based on the methods of source function, superposition principle, Laplace transform, and "star-triangle" transformation, this paper establishes dual media seepage model, seepage model in complex fracture networks, seepage model
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1.E-06 1.E-03 1.E+00 1.E+03 1.E+06 1.E+09 1.E+12 dp p of perforation, and variable mass seepage model in horizontal wellbore. Using continuity condition, the four models are coupled together to establish a multiscale semianalytical seepage model for horizontal fractured wells in tight oil reservoirs. The following conclusions and understandings can be obtained through this study:
(1) The transient pressure behavior model of horizontal well in this paper considers the influence of dual media flow, seepage model in complex fracture networks, perforation flow, and variable mass seepage model in horizontal wellbore, which is the most well established model at present.
(2) The influence of the spacing of the fracture networks on fractures interference flow was studied. The results show that the smaller the space between the fracture networks is, the larger the "hump" shaped is, and the more the interference between the fractures is.
(3) The fracture permeability mainly affects the linear flow in the fracture, the bilinear flow, and the linear flow of the formation. When the fracture permeability increases to a certain value, the fracture can be considered as an infinite conductivity fracture, the linear flow in the fracture, and the bilinear flow disappear. 
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